The requirement for novel materials to perform in hostile environments to include high pressure and temperature is the driving force behind the push in research into advanced materials for engineering applications. To assess their usefulness, it is essential to know the thermodynamic properties of any new material. A complete thermodynamic characterisation must incorporate a determination of the thermophysical properties such as the heat capacity from which the enthalpy, entropy, free energy and structural information can be derived, the thermochemical properties such as enthalpies and free energies of formation, and the thermodynamic stability of the material. The thermodynamic properties of two main groups of materials will be reviewed in this plenary lecture, namely the solid transition metal silicides and the solid transition metal chalcogenides. The transition metal silicides are a well-defined family of compounds M a Si b with the metal element M within groups 3 to 11 of the periodic table. Their high degree of stability, resistance to oxidation and great tensile strength, all properties at elevated temperatures, account for their desirability as engineering materials. The transition metal chalcogenides have a general formulation MX 2 , where M is a transition metal element and X is a chalcogenide specifically sulfur, selenium or tellurium. Virtually all members of this family of layered compounds are composed of a sheet of metal atoms sandwiched between two sheets of chalcogens. Their stability at high temperatures, ease of one layer sliding over adjacent layers, and their ability to allow intercalation by foreign atoms contribute to the demand for their use. It is not surprising that only limited thermodynamic information is available for these two families as the rapid pace in development of new materials is occurring at a rate faster than the experimentalists can determine their thermodynamic properties.
INTRODUCTION
The progress of mankind during time on earth has been directly of indirectly dependent on materials. Periods of development have been labelled in the archeological record to reflect this as the Stone Age, Iron Age, Bronze Age, etc. During the past 30 years of this century, there has been an unprecedented expansion in the number of new materials and these have entered every aspect of our lives. As the millennium approaches, the 'Revolution in Materials' shows every sign of a continuation, probably with an increase in the pace of development.
The driving force in this push into advanced engineering materials, perhaps better described as advanced materials for engineering applications, is the requirement for their satisfactory performance: (i) in hostile environments to include high pressure and temperature so as not to be adversely affected by the surroundings, and (ii) in sensitive environments where the material does not adversely affect the surroundings as in living systems. Testament to the voracious appetite for new materials are the expanding fields of electronics, computers, operations in outer space, energy production and medical science to name a few.
The science of materials aids in the fundamental understanding of the chemistry and physics involved. The engineering builds on this knowledge to design materials to meet specifications, parameters within which the materials must perform. A knowledge of the thermodynamic properties is an essential element in the characterisation of any new material. The significance of the thermodynamics is manifested in several aspects: thermodynamic stability that defines resistance to oxidation and decomposition, the sequence of reaction formation to include the rate determining step and resulting phases, the heats of formation and reaction, the free energies that equal the work the material can produce or the work needed to produce the material, information on molecular motion, disorder and transitions in solids.
The questions that naturally follow include 'which thermodynamic properties are needed?, how accurate must the results be?, what secondary properties can be derived?, what role do modelling and simulation play?'
A complete thermodynamic characterisation must incorporate a determination of the thermophysical properties such as the heat capacity from which can be derived the enthalpy, entropy, free energies and structural information, the thermochemical properties such as the enthalpies and free energies of formation, and the thermodynamic stability of the material. The advantage of measuring the heat capacity as the primary determination is that the heat capacity sees all the sources of the energy that contribute to the total. Appropriate integrations of the heat capacity results in the enthalpies, entropies and free energies from which a host of subsequent information can be derived. In addition, the heat capacity against temperature plot may reveal structural or more subtle transitions in the solid; it will also allow information to be deduced about the vibrational frequency distribution, as well as magnetic and electronic phenomena.
It has been necessary to narrow the enormously wide field of materials for this invited lecture and to that end, two groups of important engineering materials have been selected, namely the solid transition metal silicides and the solid transition metal chalcogenides.
THE TRANSITION METAL SILICIDES (CERAMICS)
The transition metal silicides are a well-defined family of compounds M a Si b with the metal M from within groups 3 to 11 of the periodic table to include Ti, V, Cu, Y, Mo, W, Pt. At least 39 pairs of elements are possible and our limited knowledge suggests at least 69 stable compounds at T ¼ 300 K. Accounting for their desirability as engineering materials is their resistance to oxidation and great tensile strength elevated temperatures, and their high degree of stability. Their fusion temperatures span a wide range from 1073 K for Cu 3 Si to 2773 K for Ta 3 Si. Applications in engineering are in refractory materials specifically furnace windings, heating elements and coatings, in interconnect technology, in semiconductors and in the aerospace industry.
The dearth of information is first noted from the phase diagrams for the family which are incomplete for at least 24 elemental pairs and unknown for all the other pairs. One of the most complete is that of Mn a Si b shown in Fig. 1 where at least six forms are defined. While some values of temperature have been estimated and extrapolated, the amount of uncertain information is minimum.
The available thermodynamic information for this family is substantially less than is known about the phase diagrams. The heat capacity is known for only a few alloys above T ¼ 300 K that allow a calculation of the enthalpy, entropy and free energy but in some cases, the associated experimental errors in technique are higher than is desirable. Below T ¼ 300 K, the heat capacity is virtually unknown and therefore so are the enthalpy, entropy and free energies.
The urgency to obtain thermodynamic properties of W Si 2 and Mo Si 2 led us to undertake a study of their thermodynamic properties to include the determination of the heat capacity. The phase diagram for the W a Si b is provided in 
THE TRANSITION METAL CHALCOGENIDES
The transition metal chalcogenides have a general formulation M X 2 , where M is a transition metal and X is a chalcogenide specifically sulfur, selenium or tellurium. The transition metal lies in groups 4 to 6 of the periodic table to include Ti, Zr, Mo, Ta, W. The 21 pairs of elements in this family are known to produce at least 26 stable compounds at T ¼ 300 K. Virtually all members of this family of layered compounds are composed of a sheet of metal atoms sandwiched between two sheets of chalcogens and are often referred to as 2-dimensional materials. Their stability at high temperatures, ease of one layer sliding easily over adjacent layers, and their ability to allow intercalation by foreign atoms contribute to their demand as engineering materials. Even less thermodynamic information is known for this family than is the case for the transition metal silicides.
The phase diagrams are partially known for 11 elemental pairs in this family and unknown for all others. The first member of the chalcogenides studied in our laboratory is W Te 2 with the demand for its use in semiconductors, batteries and as catalysts and solid lubricants at high temperatures. The incomplete phase diagram for the W a Te b is shown in Fig. 4 where the fusion temperature is given as T ¼ (1293 Ϯ 15) K.
RESULTS AND DISCUSSION
The synthesis of W Si 2 , Mo Si 2 , W Te 2 described in this lecture was a difficult process insofar as pure stoichiometric compounds are concerned. Great care was exercised since small deviations from the expected stoichiometry give rise to significant differences in properties., which in turn makes meaningless any comparison with published results. The materials on which our thermodynamic measurements were carried out are tungsten disilicide W Si 2.06 , molybdenum disilicide Mo Si 2.067 , and tungsten ditelluride W Te 2 . Heat capacities of tungsten disilicide at higher temperatures from drop calorimetry studies have been reported from 461 Յ (T/K) Յ 1068 [4] , and from 1173 Յ (T/K) Յ 2113 [5] . These are plotted in Fig. 6 together with those for W Si 2.06 from 5.9 Յ (T/K) Յ 341 described above. While the characterisation and purity of the samples used in the studies are not described in [4] and [5] , it is not unreasonable in view of the phase diagram in Fig. 2 to consider the heat capacity curve continuous to T ¼ 1200 K. Therefore the thermodynamic quantities have been evaluated up to T ¼ 1200 K [2] . However as a result of the unexpected and unacceptable slope of the heat capacity curve of Bondarenko et al. [5] and the fact that the heat capacities at lower temperatures could not be extended smoothly to join the results above T ¼ 1200 K, no attempt was made to determine the properties above T ¼ 1200 K.
The heat capacities from 7 Յ (T/K) Յ 329 were measured by adiabatic calorimetry [3] using the identical sample of Mo Si 2.067 employed for the thermochemical measurements [7] . The heat capacity against temperature plot is shown in Fig. 7 as a smooth curve but with a slight dip or irregularity in the vicinity of T ¼ 200 K. This irregularity is thought to be a consequence of the known isotropy in thermal expansion, resistivity and magnetoresistivity in the molybdenum disilicide [8] . The S m 0 (cr, 298.15 K) ¼ (61.48 Ϯ 0.15) J/K/mol.
Other investigators had studied the heat capacity of molybdenum disilicide at temperatures above T ¼ 350 K to extend to T ¼ 2200 K. These are plotted in Fig. 8 , where the heat capacity of the series at low temperatures [3] are contiguous with those of Douglas & Logan [9] and of Walker et al. [10] . The lower [11] were made by adiabatic calorimetry and agree with the others up to about T ¼ 800 K. However the measurements by Mezaki et al. [4] in this region are excluded from Fig. 8 because the slope was unreasonable for a material for which all degrees of freedom are believed to be already activated. The higher temperature results of Bondarenko et al. were determined by drop calorimetry using enthalpy increments over the range 1200 Յ (T/K) Յ 2200. As evident in Fig. 8 , these show an unreasonable slope and the heat capacity at T ¼ 1200 K determined by Bondarenko et al. [11] via adiabatic calorimetry is 14% higher than that obtained at the same temperature from their work via enthalpy increments.
By means of the functional relationship related to the expected course of the high temperature heat capacities and estimated probabilities, the curve has been extended to about T ¼ 2200 K [3] as depicted in Fig. 9 . This temperature represents the upper limit for the existence of the tetragonal structure (␣-Mo Si 2 ) of Fig. 3 . The experimental molar heat capacities are compared for W Si 2 and Mo Si 2 up to T ¼ 1200 K in Fig. 10 .
The carefully prepared and analysed sample of tungsten ditelluride, W Te 2 [6] was part of the same sample used for the thermochemical studies by O'Hare [7] . X-ray investigations at room temperature showed the structure to be orthorhombic with space group D 16 2h , a structure stable to T ¼ 1493 K based on the phase diagram in Fig. 4 . The molar heat capacity of the W Te 2 was measured by adiabatic calorimetry from 5.5 Յ (T/K) Յ 329 and the C p,m /R against temperature curve is shown in Fig. 11 .
A broad anomaly is observed between 92 Յ (T/K) Յ 175 with the resulting S 0 m (cr, 298.15 K) ¼ (132.70 Ϯ 0.25) J/K/mol, which is about double those for W Si 2.06 and Mo Si 2.067 . A similar but less prominent anomaly is evident in the heat capacity over the same temperature range for the tungsten diselenide W Se 2 [12] , which is shown in Fig. 12 .
These effects are reminiscent of even more striking anomalies noted in previous studies of the tetragonal Scheelites viz. NH 4 ND 4 ClO 4 [13] [14] [15] [16] [17] [18] [19] , anomalies that appear related to the anisotropic thermal expansion in these compounds. arises from the vibration of the atoms in the crystal lattice and produces a dependency on T 3 , T 5 , T 7 . . . and at very low temperatures, the C p,m ¼ C v . From Table 1 were obtained by multiplying the values at the intercepts in Figs 13, 14 and 15 by the gas constant R. The value of ␥ obtained by Lasjaunais et al. [20] based on heat pulse measurements from 0.2 Յ (T/K) Յ 7 for Mo Si 2 is also shown in Table 1 . 
CONCLUDING COMMENTS
Tungsten disilicide, WSi 2 , has no structural phase transition over the temperature region 0 Յ (T/K) Յ 1200 and its tetragonal D 17 4h space group remains unchanged over this interval. The material remains stable up to T ¼ 2400 K, melts around T ¼ 2437 K, and proves to be an excellent engineering material. In the same family of transition metal silicides, molybdenum disilicide MoSi 2 exhibits similar behaviour in its thermodynamic properties and crystal structure. It also retains its D 17 4h space group over the range 0 Յ (T/K) Յ 2200 and proves to be an excellent engineering material stable to T ¼ 2200 K. However, our knowledge of the thermodynamic properties of other members of this family are sparse.
Tungsten ditelluride has no structural phase transition between 0 Յ (T/K) Յ 326 and its orthorhombic D [10] ; K, Bondarenko et al. [11] ; L, Bondarenko et al. [5] ; W, Callanan et al. [6] . anisotropy, possible in the electrical conductivity. Unfortunately thermodynamic properties are unknown at T Ն 326 K for tungsten ditelluride and other members of this family of layered transition metal chalcogenides. The absence of thermodynamic information handicaps our efforts to assess their full usefulness as engineering materials especially at elevated temperatures.
This IUPAC sponsored 15th International Conference on Chemical Thermodynamics, ICCT-98, is the last to occur in this millennium, and given the rapidly evolving field of materials, it is important to consider the question where is the field of the field of thermodynamics headed and where should it be headed. 
